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Needle penetration and volumetric dilation were measured for cylindrical pellets of six kinds of pulverized
coal particles using a needle penetrometer. The measurements were conducted for a range of the heating
rate from 1 to 20 K/min, the holding temperature from 698 to 823 K and the nitrogen gas pressure from 0.1
to 3.0 MPa. Both needle penetration and dilation characteristics depended on these operating variables.
Especially, an appreciable needle penetration occurred at high heating rate for coals which exhibited little
softening property at low heating rate. Unreasonably high activation energies for viscosity were obtained
when the needle penetration curves were analyzed on the basis of an equation of motion assuming that
the pellet behaves as a Newtonian fluid with a temperature dependency of viscosity given by Andrade’s

equation.
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1. Introduction

Thermal plasticity is one of the fundamental properties
that coal exhibits when heated above ca. 550 to 600 K.
Deng et al.’ developed a novel needle penetrometer to
evaluate softening and solidification properties of pel-
letized Drummond coal in terms of needle penetration
and relative degree of volumetric dilation. Examining
effects of the heating rate, the gas pressure and the gas
atmosphere, they showed that the needle penetration
and the dilation depend on these operating variables.
Furthermore, analysis of the observed needle penetration
curves in a limited temperature range was carried out to
estimate the coal viscosity based on an equation of
motion which assumes that the coal behaves as a
Newtonian fluid with an apparent viscosity change with
temperature given by Andrade’s equation. The apparent
activation energies for viscosity thus obtained varied
from 418 to 1339kJ/mol depending on the above
operating variables.

As is well known, thermal plasticity of coal depends
not only on the operating variables above mentioned but
also on original coal nature.?~ 7 Hence, in this paper the
needle penetration and the coal dilation characteristics
are described which were observed for six different kinds
of coals ranging from ‘caking’ to ‘noncaking’ coals in a
wider range of the heating rate, the holding temperature
and the gas pressure. The observed needle penetration
curves are also analyzed by the equation of motion in a
full experimental range of temperature and effect of
coal nature on the apparent viscosity is extensively
discussed.
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2. Experimental

2.1.

Six kinds of coals were so far used as sample. They
had different elemental compositions, ash and volatile
matter contents as listed in Table 1. Since little difference
was found in the the needle penetration and the dilation
characteristics for a cylindrical block quarried from coal
lump and a pellet of pulverized coal,? the latter was used
here by pulverizing each coal sample into powders with
a size range less than 100 mesh. 0.5 g of the powders were
pelletized in the same method as that by Deng et al.,”
applying 785 MPa mechanical pressure. The pellets were
10.0mm in diameter but different in height, H,, and in
density, p,, for different kinds of coals.

Coal Sample

2.2. Apparatus

The present experimental apparatus and procedure
were much the same as employed by Deng et al.'’ Figure
1 shows a schematic diagram of the apparatus. The coal
pellet was settled in a 10.6 mm i.d. steel cell which was
fixed in a 50 cm® micro-autoclave. For measurement of
needle penetration a 2.0 mm o.d. cylindrical rod was used
as a needle with a mass of 17g and was placed on the
center of the upper surface of the pellet while a 10.0 mm
o.d. and 2.4mm thick stainless steel disc was attached
to the bottom tip of the rod for measurement of
volumetric dilation of the pellet. The vertical movement
of the rod was detected by a linear-variable differential
transformer.

The autoclave was heated in an infrared image furnace
ata heating rate of 1 to 20 K/min from 298 K to a holding
temperature between 698 and 823K under N, gas
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Table 1. Relevant properties of coal samples so far used.
Elemental composition Proximate analysis Gieseler’s fluidity parameters Pellet
Coal — (Abbr) g = 5§ N Ash  Volatile  ST® MFT® FT' log(MF/ddpm) Hy  po
(d.a.f.> wt%) (m.f.° wt%) X) ) (K) (=) (mm) (g/cm?
Akabira (AKA) 80.7 59 105 06 23 4.2 40.6 620 705 733 25 5.6 1.14
Cerrejon (CER) 823 55 101 05 1.6 1.0 37.7 impossible to measure 6.1 1.19
Black Water (BLW) 86.8 4.9 58 04 21 7.7 264 687 725 752 2.51 5.4 1.20
Goonyella (GOO) 874 49 52 06 20 7.6 26.4 681 735 769 3.25 5.2 1.05
Byron Creek (BYC) 86.0 4.7 7.5 03 IS5 11.2 23.8 700 725 746 0.48 5.3 1.23
Peak Downs (PDH) 884 49 39 06 21 10.0 214 695 743 775 2.56 49 1.30
Highway

a; by difference, b; dry-ash-free, c; moisture-free, d; softening point temperature, e; maximum fluidity temperature f; solidification point tem-

perature.

=] Table 2. Correlation between temperature at pellet center,
1. l&i?fefr Vtggilat?; sformer T, and that at autoclave bottom, T,, at various
ifferenti ating s
2. Infrared image furnace heating rates.
2. xacgrm pump
. Needle or piston i ati
High pressure line 5 Coal pelletp g, (K/min) Correlations
6. Sample cell
7. Thermocouple 3 1 T=0989x T,+ 2.567
8. Micro-autoclave ( 50cm™ ) 2 T=0993x T,— 2.350
3 T=1.006x T,—16.054
L 10 T=1.039x T,—53.249
/”ZM #| Vvacuum line

pressures from 0.1 to 3.0 MPa. The needle penetration
and the pellet dilation measurements were conducted
separately for a pair of pellets of the same coal. A
preliminary experiment was carried out to correlate the
observed temperature, T,, at the bottom of the autoclave
to the temperature, 7, at the center of the pellet. In Fig.
2 is shown an example of the observed difference between
T and T, for AKA coal at different heating rates and
0.1 MPa-N,. The difference amounts 2 to 20K and is
seen to increase with the heating rate. At each heating
rate a linear correlation between 7 and T, was assumed

150::555 as summarized in Table 2 which was obtained by a
PR least-square method for 500K <7,<800K. The tem-
20nm ¢ peratures referred hereafter indicate T calculated from

observed T, on the basis of the correlations.

Fig. 1. Schematic diagram of experimental apparatus.
3. Results and Discussion
823 T T T T /.W' T
e 1K/min & 3.1. Results of Needle Penetration and Dilation
~~~~~~~~~ 3K/min /' Figure 3 shows changes with temperature of the ap-
723 [ —— 10K/min /.,/'" 1 parent needle penetration depth, H, the relative degree
V% of volumetric dilation, Q, and the net needle penetration
623 | /_,/" i depth, /&, when a pellet of AKA coal was heated at
V. different heating rates, ¢,, up to a holding temperature,
X /’ T,, of 773K under 1.0 MPa. Here, H, Q and % are defin-
= 523 /" ] ed as
s H=H,—H,
423 I // T Q=Hp/HO
£ 823K
N /S i h=(QH,—H)/Q
323 423 523 623 723 0 S5 10 where H,, H, and H, represent the initial pellet height,
Ta, K t, min the distance from the bottom tip of the needle to the

Fig. 2. Difference between temperature at pellet center, 7, and
that at autoclave bottom, T,, at various heating rates.
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pellet bottom and the heated pellet height, respectively.
It is seen from the figure that both needle penetration
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and dilation occur at the same temperature range from
about 650 to 725K. These changes shift to a higher
temperature range for higher ¢,. For ¢,=2, 3 and
10K /min, H and % are seen to fall off at about Smm
suggesting termination of the needle penetration near the
pellet bottom while at the slowest heating rate of 1 K/min

AKA
10 l ' 773
600 650 700 750 800
T,K
Fig. 3. Changes with temperature of apparent needle

penetration depth, H, relative degree of volumetric
dilation, @, and net needle penetration depth, A, at
different heating rates up to 773 K for AKA coal under

1.0 MPa.
5 T T 1
(a) 3K/min
g O
£
£ 5t
773K
_10 | 1 L
600 650 700 750 773 800
T, K
5 T 1 1
(b) 10K/min
e O
€
£ 5}
773K
[ =——>
-10 [ | 773
600 650 700 750 800
T, K

Fi'g. 4. Changes with temperature of net needle penetration
depth at 3 K/min (a) and 10 K/min (b) up to 773K for
different coals under 1.0 MPa. "
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the penetration terminates at A=ca. 3mm before the
needle reaches the bottom.

The above results were more or less similar for other
kinds of coals. In Fig. 4 changes of the net needle
penetration depth with temperature, i.e., i vs. T plots,
are compared for five different kinds of coals heated at
¢,=3K/min (a) and 10K/min (b) up to 773K under
1.0MPa. From the figure the temperature range for
occurrence of the needle penetration is seen to depend
on the coals as has been indicated that the thermal
plasticity in general depends on coal rank.®) However,
no regular relationship is found between the penetration
curves and the carbon content or other properties of
parent coals listed in Table 1 in their order of the volatile
matter content from the proximate analysis. At
¢»=3K/min earlier penetration occurs in the order of
AKA, GOO and PDH coals whereas little penetration
is observed for BYC and CER coals. The above order
for the three kinds of coals is invariable even at the high-
er heating rate, ie., 10K/min, although penetration
commences at a temperature higher than at 3 K/min. On
the other hand, it should be noted that an appreciable
needle penetration does occur at 10 K/min for BYC and
CER coals, both of which exhibit little penetration
propensity at 3 K/min.

The penetration curves observed at different holding
temperatures, 7,, are shown in Fig. 5 for AKA, BLW
and GOO coals heated at 10 K/min under 1.0 MPa. Here,
the net needle penetration depth is plotted against the
holding time, ¢, which is defined as time having elapsed
after the temperature reached 7,. Though not shown
in the figure, the penetration was undetectable for T’ be-
low 600 K. For all coals, the temperature at which the

5 T T T T T T
AKA
E 0 Y ]
£ 0
i
- — 723K o
£ BT T AN i
—-—773K
823K
-10 —
BLW
0 b A
E ___________
E
£ 5 - - 748K ]
——= 773K
823K
10 f—f——F—F—+—
£ 0
£
£ 5
-10
-30 -20 -10 0 10 20 30 40
t, min

Fig. 5. Changes with holding time of net needle penetration
depth at 10 K/min up to different holding temperatures
for AKA, BLW and GOO coals under 1.0 MPa.



ISIJ International, Vol. 36 (1996), No. 1

penetration commences is essentially independent of 7T
when the penetration proceeds in a range of temperature
lower than T, (¢<0). Furthermore, for cases where the
penetration is observed in a range of temperature held
at T (¢>0), the rate of the needle penetration seems to
be greater for higher 7.

Figure 6 demonstrates effect of the gas pressure on
penetration curves for CER, BLW and PDH coals at
20K /min up to 823K. For PDH coal which has the
lowest volatile matter content among the coals no
appreciable effect can be seen, while for the other two
coals having volatile matter contents higher than PDH
coal the needle penetration is promoted as Py, in-
creases. These results imply that a higher portion of light
‘pyrolysis products is confined within the pellet at higher
Py,, resulting in a high softening property of the pellet.

3.2. Estimation of Coal Viscosity

In an effort to estimate the apparent viscosity of
softening coal, an equation of motion was applied to
analyze the observed needle penetration curves. Though
softening coals could generally be treated as a non-
Newtonian fluid, it is assumed here for simplicity of
analysis that the coal pellet behaves as a Newtonian
fluid without any chemical change along with heat-
ing®:

h(dh/dt)= {mg/(2nn)} In(a/b)

where m, 1, a and b respectively denote the mass of the
needle, the apparent viscosity, the pellet and the needle

diameters. Thus, the apparent viscosity is only the
function of temperature for each coal and Andrade’s

viscosity equation,*?
5 T I i
CER
0 e —
£ ~\ S - ]
E — 0.1MPa \_\& .......................
N | —-- 0.5MPa N e
< ST . iompa
—+— 2.0MPa
— — 3.0MPa
-10 I f I
BLW.
0 < -
£ N
E — 0.1MPa R\ p—
"~ - e O'SMPa feieerienanas
< S 1.0MPa
-10 I f I
PDH
0
£
= —— 0.1MPa
&£ 5 --- 05MPa
------- 1.0MPa
_10 Il 1 1
600 650 700 750 800

T,K

Fig. 6. Changes with temperature of net needle penetration
depth at 20K/min up to 823K for CER, BLW and
PDH coals under 1.0 MPa.

n=Aexp{E/(RT)}

was employed here to describe the temperature de-
pendency. The above equations were solved for the
apparent viscosity at a temperature with a further
assumption of pseudo-steady state.

Figure 7 shows a typical result of analysis for AKA
coal pellet heated at 10K/min under 1.0 MPa. Here,
logarithms of the instantaneous viscosity analyzed, In#,
are plotted against 1/7 which is arisen from the Andrade
equation. It is apparent from the figure that Iny is not
a linear function of 1/7. In addition, the viscosity de-
creases from an order of 108 to 1073 Pa-s with temper-
ature in a range of 1.5>1/T>1.41 and then increases
up to more than 10°Pa-s at higher temperatures,
reflecting occurrence of softening due to pyrolysis fol-
lowed by solidification due to carbonization. This ten-

T, K
730
R e e
AKA
qh=10K/min
8 -
o -
[\
8 2t -
[¥]
(7]
2 or 1
£
2t _
1.35 1.4 1.45 1.5

1000/T, 1/K

Fig. 7. Plots arisen from Andrade’s equation for apparent
viscosity of AKA coal.

T, K
10 74110 71'0 6?0 6510
gqh=10K/min

8 = ( .
7{,; 6 > i
© S g

4} o ]
% S
2 2 -
a
2 —o— AKA
% or A 4 —— CER |
£ —— GOO

-2 F —~ BYC T

—— PDH
_4 L 1 | L
1.3 135 14 145 1.5 1.55
1000/T, 1/K

Fig. 8. Plots based on Andrade’s equation for apparent
viscosity of different coals within a low temperature
range.
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Table 3. Dependence of apparent coal viscosity on tem-

perature.
@ U In(4/Pa-s)
Coal (K /min) (kJ/mol) —)
AKA 10 1099 ~190
CER 10 874 _14s
GOO 10 2541 _425
BYC 10 1049 —169
10 1760 —292

PDH

dency was independent of operating variables such as
the heating rate and the holding temperature as well
as coal nature. It is hence concluded that the Andrade
equation could never be applied for description of the
viscosity change in the whole temperature range.

When the Andrade equation is applied for analysis of
the viscosity decrease within a narrow range of tem-
perature just after the needle penetration commenced,
the viscosity is related to temperature as shown in Fig,
8 for different coals at the heating rate of 10 K/min. If
the relationship between In# and 1/T for each coal is
approximated as depicted as a straight line in the figure,
the apparent activation energies for viscosity, U, range
from 874 to 2541kJ/mol, as listed in Table 3. These
values are in the same order of magnitude as those
obtained for a coal heated at different gas pressures and
gas atmospheres.!) However, as indicated by Waters,!?)
they would be unreasonably high if molecular rearrange-
ment along with heating is responsible for the viscosity
change of coal consisting of very large molecules. For
temperatures higher than 600 K, pyrolysis of coal would
inevitably occur producing plastic intermediates with
lower molecular weight as well as thermal fragments with
higher molecular weight which is followed by semicoke
formation by condensation of the molecules. From the
above analysis of the needle penetration curves, it is
obvious for future work that consideration of change in
chemical structure of coal with temperature is essential.

4, Conclusions

Thermal plasticity of coal was quantitatively investi-
gated in terms of observed needle penetration into a
cylindrical pellet of pulverized coal particles and dilation
of the pellet for six kinds of caking or noncaking coals.
Measurements were carried out under nitrogen gas
atmosphere in a range of the heating rate from 1 to
20 K/min, the holding temperature up to 823K and the
gas pressure from 0.1 to 3.0 MPa. The observed results
showed that the needle penetration and the pellet dila-
tion occur simultaneously and depend on the coal nature
and the heating rate. In particular, coals with little
softening propensity at low heating rate exhibited an
appreciable softening property at high heating rate.

The apparent viscosity of the coal pellet was esti-
mated by analyzing the net descent of the needle through
the pellet on the basis of an equation of motion and
Andrade’s equation. However, the Andrade equation
was found impossible to be applied for the observed result
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in the whole range of temperature. In addition, even if
the application was confined to the data in a lower
temperature range the estimated viscosity showed un-
reasonably high temperature dependency, suggesting a
necessity for the analysis to consider not only physical
but chemical change of coal with temperature.
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Nomenclature

a: pellet diameter (mm)
A: frequency factor (Pa-s)
b: needle diameter (mm)
g: gravitational acceleration (m-s~?2)
h: net needle penetration depth (mm)

H: apparent needle penetration depth (mm)

H,: initial pellet height (mm)

H,: heated pellet height (mm)

H,: distance from bottom tip of needle to pellet

bottom (mm)

m: mass of needle (g)
Py, gas pressure (MPa)
Q: relative degree of volumetric dilation (—)
gn: heating rate (K -min~?)
R: gas constant (J-K~!-mol™?)
t: time (min)
T: pellet temperature (K)
T,: autoclave bottom temperature (K)
T,: holding temperature (K)
U: apparent activation energy (kJ-mol™1!)
n: viscosity (Pa-s)
Subscripts:

0: initial state
s: steady state
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